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The engineering of electron spin qubits in a compact unit cell embedding all quantum functional-
ities is mandatory for large scale integration. In particular, the development of a high-fidelity and
scalable spin readout method remains an open challenge. Here we demonstrate high-fidelity and
robust spin readout based on gate reflectometry in a CMOS device comprising one qubit dot and
one ancillary dot coupled to an electron reservoir to perform readout. This scalable method allows
us to read out a spin with a fidelity above 99% for 1 ms integration time. To achieve such fidelity,
we exploit a latched spin blockade mechanism that requires electron exchange between the ancillary
dot and the reservoir. We show that the demonstrated high read-out fidelity is fully preserved up
to 0.5 K. This results holds particular relevance for the future co-integration of spin qubits and
classical control electronics.
INTRODUCTION
Most of the proposed architectures for large-scale
quantum information processing rely on the so-called
Surface Code proposal which consists in a two-
dimensional (2D) arrangement of qubits [1]. Electron
spins in silicon nanodevices offer the advantages to be
compatible with modern microelectronic fabrication [2],
and to present high fidelity gate operations with a quiet
environment [3–6]. This two aspects open a promising
road to scale up quantum architecture on a chip where
electron spins are stored in arrays of quantum dots [7–9].
Even though control of small 2D array have been achieved
[10–13], the problem of scalability imposes severe con-
strains on the gate layout [8, 14], the positioning of the
electron reservoirs and the charge readout strategy. Mod-
ern complementary-metal-oxide-semiconductor (CMOS)
technology offers the possibility to relax this constrains
by fabricating multilayer devices where local reservoirs
and detectors can be implemented [9]. However, this
strategy requires the development of new functionalities,
especially for the readout procedure. The single shot de-
tection of electron spins in semiconductor quantum dots
is based on a spin-to-charge conversion achieved tradi-
tionally through two different methods. The first method
is the so-called energy selective tunneling which consists
in the spin dependent tunneling of an electron between
the qubit and a reservoir [15]. The second method relies
on the Pauli spin blockade (PSB) effect. It requires the
presence of a second quantum dot, the so-called readout
ancillary dot, which also contains a single electron. The
PSB prevents the two electrons from tunneling on the
same dot if they have parallel spin orientation [16–18].
To measure the spin of a single electron in the qubit dot,
the electron in the readout ancillary dot has to be initial-
ized in the |↓〉 ground state. However, these two meth-
ods require an external charge detector to convert the
spin information into an electrical signal. Having a local
reservoir and a charge sensor for every qubit precludes
those methods from being integrated in large scale quan-
tum architectures. In the present letter, we propose and
demonstrate a new readout method which reduces con-
siderably the number of nanoscale components needed
for readout and presents fidelities above 99% compatible
with large-scale quantum information processing. It con-
sists in combining a radio-frequency (RF) gate reflectom-
etry technique [19] with an electron latching mechanism
[20, 21]. In this configuration, the charge detector, made
of a dot tunnel-coupled to one reservoir and connected to
a RF gate reflectometry set-up, goes beyond its standard
role as it participates in the spin-to-charge conversion
through a spin-blockade mechanism. Moreover, we have
achieved this demonstration using a 300 mm compati-
ble CMOS device to ensure its large-scale integration.
We have studied the relaxation process in such a config-
uration and demonstrate its robustness with respect to
temperature with high fidelities up to 500 mK.
CHARGE CHARACTERIZATION OF THE CMOS
DEVICE
The triple gate device, sketched in Fig. 1(a) is fabri-
cated from an SOI substrate with standard CMOS tech-
nology (details in the Method section). Gate 1 is directly
connected to a tank circuit to achieve RF reflectometry
[22, 23] (see Fig. 1(b), (c) and (d)) and probe for the
charge configuration of the device. We first characterize
the charge stability of the device which is operated in
a double quantum dot configuration. For this purpose,
we apply positive voltage on gate 1 and 2 to form the
quantum dots at the interface and we apply a negative
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2FIG. 1: A CMOS device probed by gate-based RF reflectometry. (a) SEM micrograph of the CMOS device. The
silicon wire (green) lays on the buried oxide layer and is covered with the three top gates (brown). The scale bar corresponds
to 200 nm. (b) The upper panel shows the reflectometry setup which comprises a tank circuit composed of an inductance
and the parasitic capacitance to ground. The injected signal once reflected is further amplified using a cryogenic amplifier and
demodulated at room temperature. The lower panel shows a TEM micrograph of a slice of the device. The two dots are located
underneath gate 1 and 2. For simplicity the gate 3 is not represented as it is not used in the present experiment. The scale bar
corresponds to 40 nm. (c) Reflected signal from the tank circuit. The resonator presents at low temperature a quality factor of
≈ 50. (d) The amplitude of the reflected signal is plotted as a function of gate 1 and 2 voltages. The dot 1 is strongly coupled
to the reservoir, as a consequence, a strong amplitude variation is visible for its charge degeneracy. When the total number
of electron in the quantum dot 2 changes, it shifts the chemical potential of the dot 1 as highlighted by the solid white lines,
where the number N stands for the number of electrons in the quantum dot 2. (e) corresponds to the region framed by the red
square in (e), it shows the interdot transition from (0,2) to (1,1). The points I, W and M are used to respectively initialize,
wait for relaxation and measure the spin.
voltage on gate 3 in order to isolate the quantum dot 2
from the electron reservoir. The RF signal is sent on gate
1 and the reflected signal is analyzed. The corresponding
demodulated signal, see Fig. 1(e), represents the change
of amplitude induced by change of capacitance between
gate 1 and the channel. As a consequence, the broad line
is the signature of electrons tunneling between one level
of the quantum dot under gate 1 aligned with the Fermi
energy. As gate 2 is swept, interruptions in the dot 1
charge degeneracy line are observed. It corresponds to
charging events of the dot 2 which is capacitively cou-
pled to dot 1. The dot 1 can then be used as a charge
detector as it permits to sense dot 2 occupancy [24]. Re-
flectometry sensing cannot be resolved directly on dot 2
as the tunnel coupling with the reservoir is too small com-
pare to the excitation frequency. We can conclude that
the dot 2 can be emptied at negative voltages on gate
2 and that the few-electron regime has been achieved in
our CMOS device. From temperature dependence spec-
troscopy, a lever arm α factor of 0.15 similar for both
gates on their respective underneath dots is obtained.
The charging energy in the few-electron regime is esti-
mated to be ≈ 4 meV (≈ 1.5 meV in the high number
electron regime). It is comparable to previously reported
measurement in CMOS dot devices [25]. In the following,
we focus on a region depicted in Fig. 1(f) where PSB is
used to perform spin readout. It corresponds to a (N, 2)
to (N + 1, 1) charge transition with N an even number
− for simplicity in the following we set N = 0.
SINGLE-SHOT SPIN READOUT
We now show how we perform the spin readout without
external charge detector. First, we consider the different
available spin states. At the (0,2)-(1,1) transition, due
to exchange interaction between the two electrons, the
correct spin basis is the so-called singlet (S) and triplet
(T0, T+, T−) spin states. This basis offers the possibil-
ity to convert the spin into charge information through
the Pauli spin blockade. This conversion is usually per-
formed by preparing a state in the (1,1) charge configu-
ration. When the system is pulsed at the interdot tran-
sition, the tunneling from (1,1) to (0,2) is only possible
if the two electrons form a singlet state. In the opposite
case, the spin blockade prevents the charge from tun-
neling in the (0,2) state until the spin relaxes. In the
present study and in contrast with recent experiments
[26, 27], the measurement cannot be performed at the
interdot charge transition because of the lack of signal
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FIG. 2: Single shot spin readout. (a) Latched spin block-
ade mechanism. In the (1,1) region, the triplet state T− is
the ground state when the Zeeman energy (EZ) exceeds the
exchange energy J . At the measurement point, where the ex-
change dominates, the singlet can tunnel from the (1,1) to the
(0,2) state which in turn can tunnel to the (1,2) state. On the
other hand, triplet state cannot tunnel to the (0,2) state due
to spin blockade and the (1,2) state cannot be reached. (b)
Single shot measurement of the singlet and triplet states. The
spin system is initialized in the singlet state and then moved
to the W point (see Fig.(f)). The blue (orange) curve shows
typical time trace at the measurement point after short (long)
waiting time. The orange curve presents a low signal at short
measurement time as the system is stuck in the triplet (1,1)
state. Once the triplet state has relaxed to the singlet state
the spin blockade is lifted allowing tunneling as shown by the
signal at higher level.
in the single-shot regime. To improve the PSB signa-
ture, an alternative method has been developed recently
[20, 21, 28]: the so-called latched PSB which involves
the tunneling of a third charge, therefore improving the
sensitivity of the spin to charge conversion as the total
number of charge changes. This mechanism relies on the
fact that the two quantum dots are not evenly coupled to
the electron reservoirs. For instance, adding a charge on
dot 2 is much slower than for dot 1. As a consequence,
the charge transition (1,1) to (1,2) is much slower than
(0,2) to (1,2). In term of spin state, a triplet (1,1) for
instance needs first to turn into a singlet state before
tunneling to (0,2) and then to (1,2), see Fig. 2(a). Fig-
ure 2(b) presents the signal obtained at the triple point
where (1,1), (0,2) and (1,2) are degenerated after a prepa-
ration in the (1,1) region in a mixture of spin states. The
single-shot measurements show the apparition of a step
like feature which is the signature of a triplet relaxation
at the triple point. As a consequence, we can discrimi-
nate between singlet and triplet states by looking at the
detector level at short time. The gate 1 voltage win-
dow where these events are observed is determined by
the energy separation between singlet and triplet states
in the (0,2) charge configuration, which is equal to the
valley splitting in the dot 2 (see Fig. 2(a)). We measure
a valley splitting of 150 µeV comparable to what has
been obtained in planar MOS devices (data not shown)
[29]. Figure 3(a) presents the histogram of the single shot
measurement for an integration time of 1ms for mixed
population between singlet and triplet states. It clearly
shows two Gaussian distributions corresponding to the
two spin states. The readout visibility, see Fig. 3(b) can
be as high as 99.3% giving singlet and triplet readout fi-
delities of 99.7%. Figure 3(c) presents the error rate as
a function of the integration time. At short times, the
fidelity is limited by the signal over noise ratio. As the
integration time increases the error rate decreases until
it reaches a minimum around 1.5 ms. Above this value
the triplet state relaxes during the measurement time as
will be developed in the following.
Besides detection errors that degrade readout fidelity,
other sources of errors can alter the measurement. In
order to evaluate the physical errors that can occur, we
set the magnetic field to 3 T to separate the T− ground
state and the excited singlet state with an energy much
larger than the temperature. We then prepare a singlet
state in the (0,2) region that we adiabatically transfer to
(1,1). We check that this transfer conserves the spin by
pulsing to the measurement point where we find 96.8%
singlet population. Once the transfer is achieved, we let
the singlet (1,1) relax to the T− ground state followed by
a pulse to the measurement point. Figure 3(d) presents
such measurement which corresponds to a T1 measure-
ment. It shows that the final population of singlet is not
null while the Boltzmann distribution gives almost 100%
triplet. The error is likely to occur during the measure-
ment where the triplet can be transferred to the singlet
before the measurement is complete. An estimation of
this relaxation time compared to the integration time
gives a systematic error of 3.5%.
An interesting feature of the present readout procedure
is the possibility to work at relatively high temperature.
Indeed, in contrast with the energy selective tunneling
readout, the latched PSB mechanism is based on spin-
dependent tunneling with no constrain on the ratio be-
tween Zeeman and thermal energies. We investigate the
temperature dependence of the readout fidelity up to 2K
at 3 T in Fig. 4(a). We can keep high-fidelity readout up
to 500 mK and the fidelity then decreases with increasing
temperature. Whereas the width of the Gaussian distri-
bution associated to each spin state are determined by
the cryogenic amplifier noise and are therefore insensitive
to the temperature of the electrons, the separation be-
tween the two Gaussian distributions is decreasing with
temperature due the detector Coulomb peak broadening.
The cross-over is determined by the coupling between the
detector and the reservoir that is estimated to 50 µeV.
Moreover, we have measured the relaxation time as a
function of temperature (see Fig. 4(b)), we observed a
linear decrease as a function of the temperature with only
a reduction by a factor 2 at 2K.
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FIG. 3: Spin readout error analysis. (a) Histogram of
the signal distribution. The two bell curves correspond to
the two spin states triplet and singlet and are fitted with
Gaussian distributions. (b) The orange and blue solid lines
correspond respectively to triplet and singlet readout fidelity.
The dashed line corresponds to 1-V where V is the visibility.
At the point of maximum visibility, the fidelity reads 99.7%
for both spin state. (c) The fidelity is plotted as function of
measurement time (tread). At short time, the fidelity is de-
graded because of the noise in the amplification chain. The
fidelity reaches a maximum around 1ms and then drops down
for longer integration time due to relaxation of the spin during
the measurement. (d) P represents the probability to mea-
sure a singlet state at M and is plotted as a function of the
time spent at W (twait). The red solid line corresponds to an
exponential fit. This relaxation curve allows to extract the
initialization and T1 errors which are respectively α = 3.2%
and β = 3.5%.
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FIG. 4: Temperature dependence of the readout fi-
delity and relaxation rate. (a) The readout fidelity stays
almost constant below 500 mK and drops drastically after 1 K
due to thermal broadening of the detector. The inset shows
the spin detection distribution at 1 K with a readout fidelity
of 94%. (b) The relaxation rate is measured as a function of
temperature and presents a linear dependence as expected for
a direct relaxation mechanism.
DISCUSSION
The demonstrated fidelity of the spin readout is limited
by two factors: the detector/qubit capacitive coupling
and the noise of the cryogenic amplifier. First, increas-
ing the coupling can be obtained by optimizing the design
with respect to the parasitic capacitances. As far as noise
is concerned, our homemade cryogenic low noise amplifier
has a measured noise temperature of 70 K. This is more
than two orders of magnitude larger than the noise tem-
perature obtained with state-of-the-art superconducting
amplifiers [30]. In total, we could envision to keep the fi-
delity as high as demonstrated in the present manuscript
and to reduce the integration time below 10 µs. All the
qubit operations would then be in the µs-range, a speed
that makes large-scale computation viable in terms of
computational run-time. Besides the demonstration of
the high-fidelity readout, we have shown that our tech-
nique is robust up to 0.5 K. Being able to readout the
spin of an electron at higher temperature offers perspec-
tives for large-scale integration and for building an ef-
ficient quantum/classical interface. Indeed, large scale
integration requires a complex control hardware which
dissipates heat and therefore requires cooling power to
keep the system cold. We can expect from modern cryo-
genics to obtain more than 100 mW cooling power at
0.5 K. Therefore, we aim to develop a complex classical
control system on the same chip as the quantum hard-
ware and to use non-equilibrium manipulation schemes
possible for spin qubits considering their long relaxation
time at 0.5 K, as shown by the present letter and recent
experiments [31].
CONCLUSION
In the present manuscript, we have demonstrated high
fidelity and robust spin readout using RF-gate reflectom-
etry in a CMOS double dot device. Our procedure is
compatible with a scalable architecture where helper dots
connected to a single reservoir are locally coupled to each
electron spin qubit of the 2D array [9]. It is worth men-
tioning that having local reservoirs could greatly simplify
the electron loading and qubit initialization procedures
of the 2D electron spin qubit array. Perspectives to engi-
neer a µs-timescale and multiplexed high fidelity readout
with an optimized RF set-up would put electron spin
qubit in a favorable position to perform quantum infor-
mation processing.
METHODS
Materials and set-up. The device, sketched in
Fig. 1(a) is fabricated from an SOI substrate composed
of a 145 nm buried oxide layer and a 11 nm thick sil-
icon layer. The thin silicon film is patterned to create
a 200 nm long and 30 nm wide nanowire by means of
e-beam lithography. Three 30nm wide wrap-around top
gates are defined using a SiO2(2.5 nm)/HfO2(1.9 nm)
stack for the gate dielectric followed by TiN(5 nm)/poly-
Si(50 nm) as the top gate material. The source and drain
5are self aligned and formed by phosphorous ion implan-
tation and annealing after the deposition of 20 nm long
Si3N4 spacers. The device is anchored to the cold fin-
ger, which is in turn mechanically attached to the mixing
chamber of a homemade dilution refrigerator with a base
temperature of 80 mK. It is placed at the center of a su-
perconducting solenoid generating the static out-of-plane
magnetic field. Quantum dots are defined and controlled
by the application of voltages on gates deposited on the
surface of the crystal. Homemade electronics ensure fast
changes of both chemical potentials and tunnel couplings
with voltage pulse rise times approaching 100 ns and re-
freshed every 16 µs.
The tank circuit is composed of a surface mounted
inductance (820 nH), a parasitic capacitance to ground
(0.75 pF) and the device capacitance between gate 1 and
the device channel. RF-reflectometry is performed close
to resonance frequency (234 MHz), with the input power
set to −95 dBm and the reflected signal amplified by a
low noise cryogenic amplifier anchored at the 4 K stage.
The signal is further amplified and demodulated at room
temperature as shown in Fig. 1(b). Moreover, a switch is
used to turn on the RF excitation only during the mea-
surement sequence.
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